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The p o s s i b l e  r o l e  o f  f r e e  r a d i c a l s  i n  t h e  mechanism of coa l  l i q u e -  
f a c t i o n  has been a s u b j e c t  o f  much i n t e r e s t  t o  coa l  researchers  (1-4).  Free 
r a d i c a l s  have been measured i n  c o a l s  and t r e a t e d  c o a l s  f o r  many y e a r s  (5 )  and 
more r e c e n t l y  have been measured i n  coa l  l i q u e f a c t i o n  f r a c t i o n s  (6, 7) and 
s l u r r i e s  a f t e r  l i q u e f a c t i o n  (8, 9) .  We have r e c e n t l y  developed t h e  c a p a b i l i t y  

~ t o  measure f r e e  r a d i c a l  c o n c e n t r a t i o n s  i n  coa l  1 i q u e f a c t i o n  processes  f rom a 
few minutes  a f t e r  t h e  s l u r r y  has reached r e a c t i o n  tempera ture .  The r e s u l t s  of  
i n  s i t u  f r e e  r a d i c a l  measurements on Powhatan #5 coa l  have been r e p o r t e d  (10- 
13) .  We r e p o r t  he re  t h e  l i q u e f a c t i o n  y i e l d s  f rom t h e s e  and p a r a l l e l  a u t o c l a v e  

6 s tud ies ,  t h e  s t a t i s t i c a l  model used t o  ana lyze  bo th  t h e  f r e e  r a d i c a l  concen- 
t r a t i o n s  and t h e  y i e l d s  as w e l l  as a k i n e t i c  model o f  coa l  l i q u e f a c t i o n  i n  
which measured f r e e  r a d i c a l s  a r e  i n c l u d e d  as i n te rmed ia tes .  

The exper imenta l  d e t a i l s  have been g i ven  i n  e a r l i e r  papers  (10). 
Powhatan #5 coal  was used th roughou t  t h e s e  exper iments .  The i n  s i t u  measure- 
ment o f  f r e e  r a d i c a l s  was done i n  a s p e c i a l l y  f a b r i c a t e d  h igh - tempera tu re ,  
h igh -p ressu re  ESR c a v i t y  (14, 15).  A ba tch  a u t o c l a v e  system was used when 
l a r g e r  amounts o f  sample were d e s i r e d  f o r  e x t e n s i v e  a n a l y s i s  of  t h e  l i q u e f a c -  
t i o n  produc ts .  O i l ,  aspha l tene,  and p reaspha l tene  y i e l d s  were de termined by 
exhaus t i ve  Soxh le t  e x t r a c t i o n  o f  t h e  1 i q u e f a c t i o n  s l u r r y  f rom b o t h  i n  s i t u  
c a v i t y  and t h e  shaken au toc lave .  

The r e s u l t s  o f  t h e  i n  s i t u  f r e e  r a d i c a l  measurements on Powhatan # 5  
l i q u e f i e d  under a wide v a r i e t y  o f  c o n d i t i o n s  have been r e p o r t e d  (11).  Ten- 
pe ra tu re ,  s o l v e n t ,  and res idence  t i m e  were found t o  be t h e  most impor tan t  
v a r i a b l e s  a f f e c t i n g  t h e  f r e e  r a d i c a l  c o n c e n t r a t i o n  d u r i n g  t h e  1 i q u e f a c t i o n  o f  
Powhatan #5 coa l .  Gas t ype ,  p ressure ,  and h e a t i n g  t i m e  were found t o  be l e s s  
impor tan t .  These r e s u l t s  have been e x p l a i n e d  i n  te rms o f  t h e  hydrogen- 
d o n a t i n g  a b i l i t y  (hyd roa romat i c  c o n t e n t )  o f  t h e  s o l v e n t s  and t h e  l a r g e r  quan- 
t i t y  o f  energy a v a i l a b l e  f o r  bond breakage a t  h i g h e r  tempera tures .  The 
v a r i o u s  e f f e c t s  of  t h e  v a r i a b l e s  on t h e  s p i n  c o n c e n t r a t i o n  d u r i n g  l i q u e f a c t i o n  
have been q u a n t i f i e d  by use of  a s t a t i s t i c a l  model (13).  

L i q u e f a c t i o n  y i e l d  was de termined i n  about one hundred i n  s i t u  ESR 
and au toc lave  exper iments .  I n  t h e  t e t r a 1  i n  so l  ven t  exper iments ,  conve rs ion  
i nc reases  w i th  t i m e  f o r  a l l  t empera tu res  u p  t o  480°C where a s l i g h t  decrease 
i s  no ted  a t  t h e  l o n g e s t  r e a c t i o n  t i m e ,  40 minu tes .  O i l  y i e l d s  i n c r e a s e  w i t h  
t i m e  f o r  a l l  r e a c t i o n  tempera tures .  O i l  i s  t h e  predominant component o f  t h e  
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convers ion  y i e l d  a t  a l l  t empera tu res  g r e a t e r  t h a n  400OC. A t  400"C, t h e  y i e l d s  
of a l l  of t h e  components a r e  s i m i l a r .  As can be seen i n  F i g u r e  1, preaspha l -  
t e n e  y i e l d  decreases w i th  t ime ,  and aspha l tene  y i e l d  decreases s l i g h t l y .  It 
would appe'ar, s i n c e  convers ion  does n o t  i n c r e a s e  s i g n i f i c a n t l y  between 10 and 
40 minutes  a t  450 o r  460" and decreases a t  480"C, t h a t  t h e  o i l  i s  produced 
from t h e  p reaspha l tene  o r  aspha l tene  f r a c t i o n s ,  as has been suggested i n  t h e  
l i t e r a t u r e  (16). When naph tha lene  i s  used as t h e  l i q u e f a c t i o n  s o l v e n t ,  over- 
a l l  convers ion ,  aspha l tene,  and o i l  y i e l d s  a r e  found t o  i n c r e a s e  w i t h  r e a c t i o n  
t i m e s  f o r  a l l  o f  t h e  tempera tu res ,  a l t hough  somewhat more s h a r p l y  a t  t h e  lower  
tempera tures  between 3 and 10 minutes  r e a c t i o n  t ime .  Preaspha l tene y i e l d s  
decrease somewhat w i th  r e a c t i o n  t i m e  a t  440°C and above. It would appear t h a t  
a t  t h e  lower  tempera tures ,  r e a c t i o n  i s  r e l a t i v e l y  i ncomp le te  and t h a t  more 
t i m e  i s  needed f o r  p roduc t  f o rma t ion .  

s i  on 
440°C 

When SRC-I1 heavy d i s t i l l a t e  i s  used as t h e  s o l v e n t ,  o v e r a l l  conver-  
i nc reases  w i t h  t i m e  a t  400"C, i s  f a i r l y  c o n s t a n t  w i th  t i m e  a t  425 and 

', decreases w i t h  t i m e  a t  450"C, and decreases s h a r p l y  w i t h  t i m e  a t  460 
and 480°C. Below 440°C t h i s  i nc reased  r e a c t i o n  t i m e  f a v o r s  convers ion ,  a t  
450" and above, c o k i n g  r e a c t i o n s  a r e  f a v o r e d  a t  l o n g e r  res idence  times. 
Longer res idence  t i m e s  i n c r e a s e  o i l  p r o d u c t i o n  a t  440°C and l o w e r  tempera tures  
b u t  decrease o i l  p r o d u c t i o n  a t  h i g h e r  tempera tures .  

As a r e f e r e n c e  f o r  t h e  l i q u e f a c t i o n  da ta  o b t a i n e d  w i t h  t h e  s o l v e n t s ,  
t h e  y i e l d s  were measured from t h e  l i q u e f a c t i o n  o f  Powhatan #5 coa l  w i thou t  
s o l v e n t  f o r  40 minu tes  i n  1600 p s i g  o f  H2 gqs. The o v e r a l l  conve rs ion  i s  low, 
about  22%, w i t h  t h e  v a s t  m a j o r i t y  o f  i t  b e i n g  o i l .  A b l a n k  run  u s i n g  SRC-I1 
heavy d i s t i l l a t e  was done t o  check f o r  thermal  deg rada t ion  o f  t h e  so l ven t .  
A f t e r  shak ing  f o r  40 minu tes  a t  460°C and w i t h  1600 p s i g  H2, more t h a n  98% o f  
t h e  SRC-I1 heavy d i s t i l l a t e  was pentane s o l u b l e .  

The S e v e r i t y  Parameter.  N o t i n g  t h e  apparent  t r a d e - o f f  between t ime 
and tempera ture ,  i .e. , 1 ong res idence  t i m e s  a t  1 ower tempera tu re  produce 
y i e l d s  e q u i v a l e n t  t o  s h o r t  res idence  t i m e s  a t  h i g h e r  tempera tures  i n  many 
cases, t h e  concept  o f  " r e a c t i o n  s e v e r i t y "  as a comb ina t ion  o f  t h e s e  v a r i a b l e s  
appeared t o  be a p o t e n t i a l l y  u s e f u l  parameter.  S e v e r i t y ,  t h e  combina t ion  of  
res idence  t i m e  and tempera ture ,  i s  a r b i t r a r i l y  d e f i n e d  as t h e  sum o f  2 t imes  
t h e  res idence t i m e  i n  m inu tes  and t h e  tempera tu re  i n  degrees c e n t i g r a d e  minus 
400. For example, 440°C and 40 minu te  r e s i d e n c e  t i m e  would be  a s e v e r i t y  o f  
2 x 40 + (440 - 400) o r  120. 

F i g u r e s  2 and 3 a r e  p l o t s  o f  o v e r a l l  conve rs ion  as a f u n c t i o n  o f  
s e v e r i t y  f o r  t h e  t h r e e  s o l v e n t s .  For t h e  t e t r a l i n  exper iments  ( F i g u r e  Z ) ,  
convers ion  i n c r e a s e s  as a f u n c t i o n  o f  s e v e r i t y  w i th  ev idence o f  decrease on ly  
a t  t h e  h i g h e s t  l e v e l  o f  s e v e r i t y .  The naph tha lene  da ta  show s i m i l a r  behav io r .  
The SHD l i q u e f a c t i o n  convers ion  da ta ,  however, show a d i s t i n c t  downturn i n  
convers ion  a t  s e v e r i t y  l e v e l s  ove r  100, i n d i c a t i n g  t h a t  r e t r o g r e s s i v e  o r  
cok ing - t ype  r e a c t i o n s  a r e  i m p o r t a n t  a t  l o n g e r  r e s i d e n c e  t i m e  and a t  h ighe r  
tempera tu res  ( F i g u r e  3). There appears t o  be  a b road  maximum i n  convers ion  a t  
i n t e r m e d i a t e  s e v e r i t y  when SHD i s  t h e  l i q u e f a c t i o n  s o l v e n t  as opposed t o  
t e t r a l i n  or naphtha lene.  O i l  y i e l d  and aspha l tene  y i e l d  were a l s o  ana lyzed as 
a f u n c t i o n  o f  s e v e r i t y  and w i l l  be d i scussed  i n  t h e  t a l k .  
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C o r r e l a t i v e  Models f o r  Conversion. The l i q u e f a c t i o n  d a t a  f rom these 
exper iments  were a l s o  ana lyzed  by a l i n e a r  r e g r e s s i o n  model. The y i e l d s  were 
expressed i n  tenns o f  o i l s ,  o i l s  + aspha l tenes ,  and t o t a l  conve rs ion  ( o i l s  + 
aspha l tenes  + p reaspha l tenes ) .  The y i e l d s  f o l l  CM an e x p o n e n t i a l  g rowth  o r  
decay Pa t te rn .  The model con ta ined  exponen t ia l  t ime ,  tempera ture ,  and pres- 
Sure terms e s s e n t i a l l y  t h e  same as t h o s e  t e r m  desc r ibed  i n  a p r e v i o u s  paper 
(13).  It i s  
impor tan t  t o  p o i n t  ou t  t h a t  each t e r m  i n v o l v e s  an i n t e r a c t i o n  between a t  l e a s t  
two v a r i a b l e s .  

The o v e r a l l  s t a t i s t i c s  show t h a t  s o l v e n t  i s  q u i t e  i m p o r t a n t  and 
ranks second t o  res idence  t i m e  i n  s i g n i f i c a n c e .  The s o l v e n t  * t i m e  i n t e r a c -  
t i o n  t i m e  (ZTIME * SOLVENT) g e n e r a l l y  ranks  as t h e  most s i g n i f i c a n t  i n t e r a c -  
t i o n  i n  t h e  model. The t i m e  * tempera tu re  terms (ZT o r  ZTT) a r e  s i g n i f i c a n t  
f o r  t h e  o i l  and t o t a l  conve rs ion  (conv)  models. These te rms a r e  n o t  s i g n i f i -  
can t  a t  a l l  f o r  t h e  ASPH (aspha l tenes  + o i l s )  model. Other  v a r i a b l e s  such as 
gas t y p e  and p ressu re  (ZTIME * GAS, ZP, ZTP) never  ach ieve  s i g n i f i c a n c e .  T h i s  
i s  c o n s i s t e n t  wi th t h e  p r e v i o u s  f i n d i n g s  f o r  t h e  measured s p i n  c o n c e n t r a t i o n  
model (13). 

The a n a l y t i c  fo rm o f  each t e r m  i n  t h e  model i s  shown i n  Tab le  I. 

Covar iance Model o f  Free R a d i c a l s  and To ta l  Conversion. Based on 
t h e  s t r o n g  s i m i l a r i t y  i n  t h e  f u n c t i o n a l  forms o f  t h e  r a d i c a l  and convers ion  
models, we have de tern i ined models f o r  t h e  v a r i o u s  lumped convers ions  i n  terms 
of s p i n  c o n c e n t r a t i o n  (CSCON) and v a r i o u s  i n t e r a c t i o n s  between s p i n  concen t ra -  
t i o n  and so l ven t ,  gas, t m p e r a t u r e ,  and CSCON i t s e l f .  Each y i e l d  ( o i l ,  
aspha l tenes  + o i l ,  t o t a l  conve rs ion )  i s  expressed i n  t h e  f o l l o w i n g  form: 

I +  

Y i e l d  = C1*CSCON + C2*CSCON*SOLVENT + C3*SCSON*GAS 

+ C4*CSCON*DTEMP + CS*CSCON*CSCON 

wh e I i s  an i n t e r c e p t  term, CSCON i s  t h e  c o r r e c t e d  s p i n  c o n c e n t r a t i o n  x 
lo", OTEMP i s  tempera ture ,  and SOLVENT and GAS r e f e r  t o  s o l v e n t  and gas 
types .  

The s t a t i s t i c s  (Tab le  11) show t t CSCON i s  t h e  most s i g n i f i c a n t  
s i n g l e  v a r i a b l e .  However, n o n - l i n e a r  CSCON and CSCON * SOLVENT i n t e r a c t i o n  
e f f e c t s  a r e  a l s o  q u i t e  impor tan t .  The s p i n  c o n c e n t r a t i o n  te rm a lone  accounts 
f o r  a l a r g e  f r a c t i o n  of  t h e  o v e r a l l  sum of squared y i e l d  va lues .  It shou ld  be 
n o t e d  t h a t  CSCON i s  n o t  an independent  v a r i a b l e ,  b u t  depends on s o l v e n t ,  gas, 
tempera ture ,  and t ime .  The c o r r e l a t i o n  models show t h a t  t h e  growth  o f  t h e  
s p i n  c o n c e n t r a t i o n  c o r r e l a t e s  very  s t r o n g l y  w i t h  t h e  observed y i e l d  growth 
curves .  By s t a t i s t i c a l  t echn iques ,  i t  i s  p o s s i b l e  t o  de te rm ine  more funda- 
menta l  r e a c t i o n  r a t e  exp ress ions  r e l a t i n g  s p i n  c o n c e n t r a t i o n s  t o  p roduc ts ,  t o  
map ou t  p l a u s i b l e  r e a c t i o n  pa ths ,  and de te rm ine  t h e  r a t e  c o n s t a n t s .  

Development o f  C o r r e l  a t i v e  Model s for  Each Convers ion  Species.  The 
f i r s t  s t e p  was t o  de termine c o r r e l a t i o n  models i n  te rms o f  t h e  f o u r  s o l u b i l i t y  
f r a c t i o n  produc ts :  o i l s ,  aspha l tenes ,  preasphal  tenes ,  and THF i n s o l u b l e s .  
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E s s e n t i a l l y  t h e  same te rms were used t o  c o r r e l a t e  t h e s e  p roduc ts  as were used 
i n  t h e  lumped models. The s t a t i s t i c s  show t h a t  t h e  t i m e  * s o l v e n t  and t ime  * 
tempera tu re  i n t e r a c t i o n s  a r e  s i g n i f i c a n t .  The i n t e r a c t i o n s  between tempera- 
t u r e  and res idence  t i m e  a r e  c l e a r l y  shown by means of con tou r  p l o t s  i n  which 
s p i n  concen t ra t i on ,  o i l  y i e l d ,  o r  t o t a l  conve rs ion  l e v e l s  a r e  p l o t t e d  w i t h  
tempera tu re  (400 t o  480°C) a l o n g  t h e  v e r t i c a l  a x i s  and res idence  t i m e  (RTIME) 
(0  t o  60 m inu tes )  a l o n g  t h e  h o r i z o n t a l  a x i s  ( F i g u r e  4). 

Methodology f o r  K i n e t i c s .  Models based on fundamental  k i n e t i c s  a r e  
s p e c i f i c  d i f f e r e n t i a l  m a t e r i a l  ba lances  o f  t h e  y i e l d s  which, when i n t e g r a t e d ,  
d e s c r i b e  t h e  f o r m a t i o n  o f  t h e  p roduc ts  w i t h  t ime .  In t h i s  work a general 
d i f f e r e n t i a l  " m a t e r i a l  ba lance"  fo rm i s  proposed and t h e  r a t e  cons tan ts  a re  
de termined by l i n e a r  s t e p w i s e  r e g r e s s i o n  techn iques .  A s e r i e s  o f  r e a c t i o n s  
was determined a t  each tempera tu re  and s o l v e n t  system which was c o n s i s t e n t  
w i t h  o v e r a l l  m a t e r i a l  ba lance  requ i remen ts .  

The models show t h a t  coa l  b reaks  up  i n t o  r a d i c a l s  wh ich  a r e  present  
i n  t h e  va r ious  s o l u b i l i t y  f r a c t i o n s .  The r a d i c a l s  a r e  s t a b i l i z e d  o r  capped by 
r e a c t i n g  w i t h  v a r i o u s  o t h e r  r a d i c a l  and non- rad ica l  spec ies  o r  by t r a n s f e r  o f  
hydrogen t o  o r  f rom t h e  s o l v e n t .  The s o l v e n t  i s  n o t  e x p l i c i t l y  p resent  i n  
t h e s e  r e a c t i o n s  as a p a r t i c i p a n t  i n  t h e  h y d r o g e n - t r a n s f e r  pathways. Three 
c l a s s e s  o f  r e a c t i o n s  a r e  i d e n t i f i e d :  p r o g r e s s i v e ,  d i s p r o p o r t i o n a t i o n ,  and 
r e t r o g r e s s i v e  r e a c t i o n s .  

M e c h a n i s t i c  Imp1 i c a t i o n s .  The p r o g r e s s i o n  o f  r e a c t i o n  f rom coal t o  
p reaspha l tenes  t o  aspha l tenes  t o  o i l s  has been shown n o t  t o  be  k i n e t i c a l l y  
r e l a t e d  t o  t h e  measurab le  f r e e  r a d i c a l  c o n c e n t r a t i o n .  By c o n t r a s t ,  t h e  r e t r o -  
g r e s s i v e  r e a c t i o n s  a r e  k i n e t i c a l l y  de te rm ined  by t h e  s teady  s t a t e  f r e e  r a d i c a l  
c o n t e n t  w i t h  t h e  impor tance o f  t h e s e  r e a c t i o n s  i n c r e a s i n g  w i t h  temperature.  
The hydrogen d o n a t i o n  power o f  t h e  s o l v e n t  has an impact  on t h e s e  r e a c t i o n s  by 
dec reas ing  t h e  s teady  s t a t e  c o n c e n t r a t i o n  o f  t h e  f r e e  r a d i c a l s  and f a v o r i n g  
t h e  compet ing convers ion  r e a c t i o n s  wh ich  a r e  n o t  k i n e t i c a l  l y  dependent upon 
measurable f r e e  r a d i c a l  s. Many convers ion  r e a c t i o n s  a r e  p robab ly  o c c u r r i n g  
v i a  a f r e e  r a d i c a l  mechanism, however, t h e  l i f e t i m e  o f  t h e s e  r a d i c a l s  may be 
t o o  s h o r t  t o  b u i l d  u p  a c o n c e n t r a t i o n  l a r g e  enough t o  be observed over t h e  
n a t u r a l l y  o c c u r r i n g  r a d i c a l  c o n c e n t r a t i o n  i n  coa l .  The r e a c t i o n  o f  Powhatan 
# 5  coa l  i n  t e t r a l i n  a t  400°C produces  a reasonab le  l e v e l  o f  conve rs ion  (50% or  
more) w i t h o u t  a measurable change i n  f r e e  r a d i c a l  c o n c e n t r a t i o n  r e l a t i v e  t o  
t h a t  of  t he  unheated coa l .  Such a non-observa t i on  o f  a d d i t i o n a l ,  t h e r m a l l y -  
formed f ree  r a d i c a l s  does n o t  r u l e  o u t  a f r e e  r a d i c a l  mechanism i n  which t h e  
r a d i c a l s  a r e  re1  a t i v e l y  s h o r t  1 i v e d  ( t  1,2-10 sec).  
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